Quastel's childhood was a happy one in spite of the family's somewhat straitened circumstances. He writes about it with affection when he responded in his old age to the invitations of several biochemical editors to tell the story of his life and work. The four autobiographical sketches (65, 66, 74, 75) * that resulted from these invitations are all highly readable. They overlap a good deal: with the permission of his editors Quastel often transferred whole passages from a previous sketch to a new one. In what follows his 'Brief autobiography' (74) is quoted freely; many of the passages can also be found in the later expansion of that history (75). Apart from periodically revised curricula vitae and annotated lists of what he judged to be his most significant papers, he prepared no autobiographical material for the Royal Society.
Indeed, the events of his life are generally best described in his own words. He enjoyed reminiscing, wrote easily, and was free from false modesty; the buoyant and outgoing temperament that he preserved throughout his life is reflected in his recollections. It is fair, however, to remark here that his contemporaries' view of his achievements did not always coincide perfectly with his own. The record shows that he was sometimes involved in controversies, and won most of them. There has also been some debate, continued after his death, about his share in the development of several of the major concepts of biochemistry. We shall refer to these matters later, but think it proper to suggest here that such episodes are a common feature of the history of a young science, and arise in part from the fact that investigators have to design their theoretical frameworks at the same time as they are assembling their factual materials.
Quastel wrote in 1981 about his first experience of formal education (74):
My parents were very orthodox, but nevertheless liberal in outlook. When I was about 5 years old, my father walked with me to the elementary school on Pomona Street about a mile away -and often I sat astride his shoulders. I entered the infants' class, which always began its labours for the day with prayers. I stood up, like all the other children and folded my hands to pray, when I happened to glance through the classroom window. There I saw my father in his most irate mood, indicating that I must sit down and not fold my hands, that in doing so I was committing some awful sacrilege. When prayers were over, my father entered the classroom and spoke vigorously to the teacher who apparently understood the situation at once. Therefrom, I was excused from morning prayers. I do not think I have ever folded my hands in prayer since that one occasion. But this does not mean I have failed to say my prayers either then or during the rest of my life. On the contrary, I said my morning prayers, under the watchful eye of my father who accompanied me in this observance, every day every year from the age of 5 until I entered the army. This incident in the infant school, insignificant as it was, had a marked effect on my life, for it, at once, estranged me from those around me. I entered the class alone after prayers and the other children saw in me something strange and alone. From that time onwards, there seemed to be a gulf between me and the majority o f my companions. I accepted this as part of my life. I did not rebel or wish to bridge the gulf. My father, religious, hard working and a scrupulously honest man, taught me my birthright and I never had the slightest desire to escape from it. I longed for companionship however and a little later became friendly with a boy a couple o f years older than I was, Alex Scott, whose friendship I valued and enjoyed for over 60 years. He died only a few years ago. There was no racism in him, only intelligent understanding, sympathy and consideration. He was a great Englishman.
* Numbers in this form refer to entries in the bibliography at the end o f the text.
He made other friends at elementary school, learned quickly and was curious about the city around him. He has recalled the excitement of weekly visits from an itinerant science teacher, and of peering through factory doors to watch molten steel being poured from Bessemer furnaces. By the age of nine, chemistry had become 'of all things I wanted to learn about the subject I had most at heart. It was so then and it is so now ' (74).
By ten he was sure that he wanted to go to secondary school, but for that a scholarship was needed to supplement the family's slender resources. He saw a brochure from the Sheffield Central Secondary School, was stimulated by the pictures of its laboratories, took its entrance examinations, did well, and had no fees to pay. Looking back to his years at school, he was satisfied that he had 'a first-rate education' there. He led his class not only in the science subjects to which he was devoted but also, to his surprise, in history as well. No biology was taught, except apparently to girls; his biological education came later, and was self-administered.
Quastel's father thought that his clever son should take the Civil Service Examinations as the way to a secure and well-rewarded life, but that project was ruled out when the examinations were cancelled after two years of war. The younger Quastel's future thus became uncertain except for the prospect of military service at 18. He had by this time taken examinations that qualified him to enter a university, but again he would need a scholarship, one that would cover all his costs. It was a slightly older school friend who suggested to him that he should try for a scholarship at the Imperial College of Science. The College's examinations could be taken at Sheffield; the standards were higher than those in his school ' s top form, but he nevertheless enrolled for them.
very nose, and I was duly given " 100 lines" -to write two lines o f Shakespeare 100 times -and even now I can remember him chastising me, but not in an unkind or bullying waybut rather in a quiet philosophical manner, regretting that I had incurred his displeasure. I think that attitude persisted throughout his life; he was never aggressive, always dispassionate and even kindly in argument. In that same winter the Shakespeare Society of the school played King Richard III, and Q played the Lord Mayor of London; I, being the smallest boy in the school played one o f the Princes so I saw a lot o f Q, now almost as a colleague. Costumes came from London a day or so before the play began, and there was great consternation when it was discovered that nothing had been sent for him, but, equipped with one o f the Master's gowns, and with a chain o f office made from a curtain chain, he looked just as imposing as our local Lord M ayor...
Quastel did win the scholarship to Imperial College for which he had worked so hard. But knowing that he would be called up for military service in less than a year, he decided to put the interval to some productive use. As it happened, on his way to school he would pass the laboratory of the Sheffield public analyst. Plucking up his courage, he knocked on the door, was admitted by the analyst, asked to be taken on as an unpaid temporary assistant, and was accepted. His first job was testing milk -there were hundreds of samples each week -for total solids, fat, and possible preservatives. After that he was given a wide range of assignments: having been shown how to use an analytical balance correctly, he did analyses on alloys and oils, sewage and drinking water, and learned how to sample the air of cinemas and measure its C 0 2 content with the Haldane apparatus. He remembered also some training of an unofficial kind (74):
My best friend in the laboratory was Stanley Dixon, older than I and very experienced. He later became Public Analyst to Cardiff and S. Wales. He was never averse to coaching me, giving me tips o f great use in analytical practice. But above all he taught me how to use microscopes. I gazed at a drop o f sewage water under the microscope with, I feel sure, the same interest and wonder as Leeuwenhoek himself experienced almost three centuries before. I never tired o f using the microscope myself, looking at all sorts of sections, metals, ores, rocks, milks, etc.. Dixon took me to his lodgings from time to time, and we, together, examined a multitude of objects under a microscope o f his own. I mention this rather trifling matter of the microscope, as it was to have a profound effect on the course o f my life, as I will now show.
Soon after my 18th birthday, I was called up and I became a private in the British Army. As a private, I did what I was told to do and went where I was sent. One raw December day, in 1 9 1 7 ,1 stood at ease with my unit on a barrack square after a long march when the sergeant in charge o f my company suddenly yelled out 'Anybody 'ere who can use a microscope? If so, one step forward, march!' The whole company looked at the sergeant as though he had suddenly taken leave o f his senses; I decided that whatever happened could not be for the worse and I stepped forward. To me this step forward turned out to be every bit as important as the first step of the famous astronaut on the moon's surface. I was sent from one office to another until I was finally told to report next morning to the pathological laboratory of the local military hospital. It seemed that the pathologist in charge was in dire need of help and that there was apparently little hope of obtaining such help except from the ranks. There were no, or few, reservations in those days.
The pathologist was Dr R. Donaldson, later Professor of Pathology in the University o f London and
Director of the Pathology Department of St George's Hospital, London. We became firm friends and I owe very much to him. As soon as he saw me, he realized that I could be o f little use to him without preliminary coaching but he was a good teacher and I was a ready learner. I was at work each day from 7 a.m. until 7 p.m., learning to make and sterilize bacteriological media, to recognize and culture all manner of organisms, to make the various sugar-media in order to differentiate between organisms, to make vaccines, to carry out Wassermann reactions, to kill guinea pigs and prepare complement, to help run a bacteriological and pathological laboratory and to help Donaldson in his many post-mortem examinations. I saw the dead and the wounded o f the war for the first time and I learned how easy it was to make false diagnoses on too little data. I was kept in the hospital, under Donaldson, who seemed to have considerable influence, through 1918, owing to the difficulty o f finding a suitable replacement for the pathological laboratory. One o f the workers in the laboratory was Ann Barbara Clark, who taught me much o f m icrobiological techniques. W e became good friends, discussing many things including her plans to go to Cambridge eventually. This was the first time that I had heard o f Cambridge as a place to go for research in the field o f microbiological research. I knew it was beyond my means ever to go there, but M iss Clark urged me to think about it.
In the last months of his service the great influenza epidemic of 1918 reached England, and Quastel was busy helping Donaldson with 'innumerable post-mortems'. There was much late-night work as Donaldson tried to isolate the responsible organism and reproduce its effects in animals, but of course without success: little was known then about viruses or how to study them.
CAM BRIDGE
Demobilized early in 1919, Quastel took up his scholarship at the Imperial College. The ex-service grant to which he was entitled allowed him, in spite of inflation, to live modestly in London. In his reminiscences he listed some of the College's many world-famous scientists who were his teachers, and added that he did not think there was any place in the world where he could have received a more thorough and stimulating instruction in the basic sciences. Although chemistry remained his principal subject, he made sure that zoology and botany were also on his curriculum. As usual, he did well in examinations, and he was offered a scholarship for research in physical chemistry at the College. But, as he wrote (74):
[M]y mind was by now set on biochemistry, a science that seemed new in the U.K. as few people had ever heard o f it. Although some plant biochemistry was being carried out in the Imperial College I was not attracted to it. I had heard o f Hopkins and wanted to go to his laboratory but I had no financial means whatever to enable me to do so. One day I saw, on the screens o f the Imperial College, a notice concerning the possibility o f obtaining a studentship at Trinity College, Cambridge. I knew that Trinity, as a seat o f learning, surpassed any other College anywhere and I was determined to go there somehow. Once again I took a major step forward. I called Hopkins by phone from Sheffield, told him I wanted to work under him and would he see me? I was both astonished and delighted when he agreed at once and arranged to meet me in Cambridge in a few days time. laboratories ... Hopkins gave me no problem but told me to go ahead with whatever I liked. I had to do something quickly, for it was necessary for me to apply for a scholarship or exhibition, as I was at that time entirely without funds and had to borrow a little from my father, who could ill afford it, to keep going. Obviously in my application for funds I would have to say something o f what I was doing. I recall thinking that I would like to see whether bacteria, during their growth, would discriminate between cis and trans unsaturated acids and how they would handle a substance such as glutaconic acid. I made cultures o f various organisms and inoculated them into media containing the sodium salts o f fumaric acid and maleic acid, and having devised a method o f estimating these substances, found to my surprise that, with certain cultures, fumarate, in contrast to maleate, disappeared very quickly from the culture media. I then turned my attention to succinic acid and found it disappeared only slowly in the presence of growing organisms that disposed of fumarate rapidly. These results introduced me at once to the problems of succinate metabolism -a line o f work that I followed for a long time. Little did I realize how important these problems were to become in later years. At any rate, what few results I had, at the time, helped me to obtain an 1851 Senior Exhibition and once again I had something to live on and to repay my debt. This came almost miraculously at a time when I seriously thought of quitting research work ... But as fate would have it, I not only succeeded in obtaining the scholarship, but just as important I soon discovered why fumarate disappeared so quickly with certain growing organisms; it was being converted rapidly to pyruvate. It was about this time I realised how much I owed to Hopkins. When things looked most hopeless, he would be so encouraging and sympathetic that I felt I just dare not abandon the work. He suggested no new ideas or techniques or plans, but engendered the feeling that with patience, persistence and some originality o f thought I would get over this difficult period.
BACTERIAL METABOLISM
Research on bacterial metabolism was not a new departure for Hopkins and his laboratory. He had worked in that field himself; as far back as 1903 he and Cole had shown that E. coli can convert tryptophan to indole; and he had encouraged Marjory Stephenson, who was in her mid-30s when Quastel joined the department, to make it her principal endeavour. After Quastel had discovered the fate of fumarate in B. pyocyanaeus, Hopkins was glad to have him collaborate with her group. Quastel's motivation in the laboratory stemmed from his war-time period with Donaldson. He later wrote about that experience (74);
One major effect on me ... was to arouse an intense curiosity as to the nature o f the chemical factors operating in microorganisms that made it possible to differentiate between them by the use o f different culture media. I felt that one day I would like to find the reason for this; the textbooks at the time gave little indication.
Quastel took the lead in this work and eventually published a series of papers, with Stephenson's younger colleague Margaret Dampier Whetham, and others later on with Stephenson herself, Barnet Woolf and W.D. Wooldridge.
By the time he was beginning his researches at Cambridge, physiological chemists had acquired a body of information about the metabolism of many different types of simple organic molecules, such as sugars, fatty acids, dicarboxylic acids, and amino acids. Many contributors had shown that compounds like succinic, fumaric and malic acids occur not only in plant tissues but could be identified in the body fluids of animals (Dakin 1922) . T. Thunberg (1909 T. Thunberg ( ,1920 had gone further by testing the effect of many of these substances on the intermediary metabolism of muscle. He found finely minced skeletal muscle of frog, after thorough extraction with water, was no longer able to reduce methylene blue anaerobically, although the addition of substances of the character mentioned above permitted the reduction to occur readily. Because none of the active substances (substrates) decolorized the dye in the absence of tissue, he attributed the effect to the action of specific enzymes whose primary action, in his view, was to remove hydrogen atoms. These 'transportases' (now known as dehydrogenases) prepared the hydrogen for oxidation to water, one of the two primary steps, according to Thunberg, in the intermediary metabolism of foodstuffs and related materials, the other being the scission of the carbon chain at appropriate points to yield carbon dioxide (Dakin 1922 ). Quastel ' s investigations of bacteria with the aid of the methylene blue technique now established that fumaric acid is converted to pymvic acid, already known as a product of yeast fermentation and as the precursor of ethanol (1 ,2 ). Moreover, the fumaric acid was formed from succinic acid in a reversible enzyme-catalysed reaction (2), and yielded oxaloacetic acid, which was then converted to pymvic (2). Quastel's bacterial preparation was made by a procedure that removed readily oxidizable endogenous substrates without seriously affecting the dehydrogenases. These so-called 'resting cells' (now termed 'washed cell suspensions') were first described by A. Harden and S. Zilva (1915) somewhat earlier for the study of E. coli. According to Marjory Stephenson (1949) the methylene blue technique was first applied extensively to bacteria by Quastel and Whetham, who studied many other organisms prepared in this way (2,4), but ultimately settled on E.
coli as the most useful for this type of w Quastel was quick to recognize parallel and overlapping reactions between well-known bacterial metabolites and the ultimate formation of pymvic acid. His scheme of relations between these substrates, such as amino acids (alanine, glutamic and aspartic acids), fat-derived compounds (acetic acid, glycerol), and carbohydrate-derived substances (glyceric and lactic acids), constitutes the first metabolic chart emphasizing stepwise changes in chains of sequential reactions. The chart suggested a basic pattern for the convergent flow of combustible substances into pym vate for synthesis of cellular constituents (with a nitrogen source) or into carbon dioxide and water (5).
As his work developed, Quastel identified numerous enzyme activities in his E. coli preparations: oxidases acting on chlorates and nitrates (3); aspartase (6, 9); and specific dehydrogenases acting on many organic compounds (6 ,8 ,1 3 ). Later he could claim credit for the discovery of other enzymes: glutamic acid dehydrogenase (19); and choline oxidase (31, 34) . He recognized ornithine transaminase as an enzyme distinct from glutamate transaminase (44). In a careful piece of work he demonstrated that the substrate of glyoxalase, methylglyoxal, forms a complex with glutathione before enzymic action commences (23).
In 1925, in the course of testing the suitability of substances as substrates for succinic acid dehydrogenase (SDH), Quastel and Whetham discovered that malonic acid, the lower homologue of succinic acid, was not only resistant to the action of the enzyme but had 'a definite retarding effect' on the rate of reduction of methylene blue in the presence of succinic acid (4). In subsequent years Quastel and Wooldridge explored this inhibition in greater detail, publishing the results in papers (7 ,1 2 ,1 4 ) that Quastel regarded as the first demonstrations of competitive inhibition of enzymes by stmctural analogues of the substrate. Indeed, this claim is widely acknowledged (e.g. Schlenk 1951; Dixon & Webb 1958) , but not unanimously (Mcllwain 1986 ). Quastel and Wooldridge pointed out (14) that the 'specific succinate effect seems to be parallel to the effect of carbon monoxide in competing with oxygen for the oxidase system', a phenomenon that had only recently been described by Otto Warburg (1926) in Berlin and David Keilin (1927) at Cambridge. Inhibitions of this type were known to biochemists, and why the malonate effect became the paradigm for competitive inhibition is a matter for conjecture. It was admittedly more difficult to demonstrate than the CO inhibition (14). On the other hand there were factors in its favour. It fitted in at once with current studies on metabolism and the role of enzymes; in fact, it proved to be a quite general phenomenon, malonate having this effect on SDH of other microbial organisms than Escherichia coli (7), as well as on the enzyme of animal tissues (15), and inhibiting under aerobic as well as anaerobic conditions (Cook 1930) . The effect was backed up at the same time by a similar phenomenon with lactate dehydrogenase. In this case prominent inhibitory action was exerted by oxalic acid (12). Perhaps the most significant factor was that in his classic text on enzymes, J. B. S. Haldane (1930) referred to Quastel's work, but not to the C 0 /0 2 antagonism. This omission is surprising because Haldane had already published on CO toxicity and had cited Warburg's paper; and Keilin was his scientific neighbour at Cambridge. Quastel later recalled that the reception of his ideas on bacterial metabolism in the Department was mild, except by J.B.S. Haldane, '[t] he only person who seemed really interested ... [and] whose very considerable intellectual ability and extraordinarily retentive memory made discussions with him most enjoyable and fruitful' (65).
These early investigations by Quastel on bacterial metabolism had implications for intermediary metabolism that were recognized in the next few years by important contributors to that subject. For example, Quastel, Stephenson and Whetham (3) had demonstrated that E. coli 'will grow anaerobically ... on a mixture of lactate and fumarate where these substances form the sole sources of carbon and ammonia the sole source of nitrogen. On lactate alone and on fumarate alone no anaerobic growth... occurs.' With the aid of additional data they interpreted this result to signify that fumarate, already known as a hydrogen acceptor, was behaving in this way in a coupled reaction that permitted lactate to undergo dehydrogenation to pyruvate, and fumarate to undergo reduction to succinate. This was the first suggestion of intermolecular hydrogen transfer in a coupled oxidation-reduction reaction (Krebs 1937) . Similarly, Szent-Gyorgyi (1937) acknowledged that use of malonate as a specific inhibitor of SDH was of crucial importance to his studies of the role of C4-dicarboxylic acids in the respiration of animal tissues, just as Krebs (1940) did with respect to the citric acid cycle.
T h e o r y o f e n z y m e a c t i o n
His finding that a large number of substances can undergo dehydrogenation led Quastel to speculate about the nature of the activity of the enzymes catalysing these reactions. He made admirable use of then current valence theory, the foundations for which had been established by G.N. Lewis in 1916 and which had been developed through the efforts of many physical scientists in succeeding years (Pauling 1940) . Among these contributors was Cambridge Professor Sir J.J. Thomson, whose advice Quastel sought in regard to 'certain points connected with the electrical theory advanced' in his first papers on the subject (8, 10, 11) . This theory was beginning to clarify the molecular events in organic reactions, including the labilization of substrate hydrogen, but concepts of where the site of enzyme action was located and of what that action consisted were much murkier because the chemical nature of enzymes was only being worked out at that time. For Quastel enzymic action took place at the cell surface; originally he suggested the extracellular surface (8), but later recognized that catalysis might occur at intracellular surfaces as well (10). Basing himself upon current adsorption theory, he proposed that cell membranes have This geography would give rise to many locally intense electrical fields scattered over the cell surface, effecting polarization of hydrogen donors and acceptors.
Such a polarisation im plied the attachment (not necessarily permanent) o f a substrate m olecule to that particular grouping orientated in the surface, the field due to this grouping bringing about, provided that the strength o f the field were sufficiently high, an activation o f the substrate molecule ( 10).
The site of attachment of the substrate was defined as the active centre, and for enzymic action to occur it was necessary that this attachment continue for a sufficiently long time. This would happen if there were present in the centre an appropriate active group that could bind the substrate firmly enough (11). Quastel conceived of 'overlapping' geographic areas on the bacterial surface with respect to affinities for specific substrates. Despite the introduction of adsorption theory and the concept that later became known as covalence, his hypothesis suffered from dependence upon the erroneous, though widely accepted, views of Richard Willstatter, according to whom enzymes were small molecules attached to much larger, catalytically inert 'colloids'. However, within a few years, as the protein nature of enzymes became evident, Quastel redefined the rather vague active centres as dehydroge nase systems, 'each concerned with the activation of a certain type of hydrogen donator' (15).
The shared catalytic activities of the bacterial surface made it difficult to carry out enzymological studies on particular substrates. Chemical alteration of the surface ought to affect binding of substrates and, in fact, treatment of the bacteria with toluene did just that: sharpening of the substrate specificities of some of the enzymes (12, compare 13). However, at the same time many of the dehydrogenase activities were inactivated. In the hope of gaining specificity without sacrificing catalytic activity Quastel experimented with several dyes, some of which were known to have adverse effects on enzymes (16, 17) , as well as with trypanocidal agents (18). Investigations of this kind on the biochemical mechanisms of dmg action were then at a very early stage of development, but within a few years there was a great burgeoning of this branch of pharmacology. The work of Quastel's laboratory, some segments of which were presented as his doctoral dissertation, played an important role in this development, focusing attention on competitive inhibition of enzymes. This concept, w ith its antecedents in earlier biochem istry, notably in Em il Fischer's 'lock-and-key' hypothesis of enzyme action, soon had a remarkable efflorescence initiated by the discovery of the antibacterial activity of the dye Prontosil, and the demonstration that its metabolic derivative sulfanilamide acts as an antagonist of the chemically analogous substance p-aminobenzoic acid, a bacterial vitamin.
Quastel enjoyed his company in the laboratory, which at that time included Brighter Biochemistry which survived for eight or nine years and had some memorable contributions from members of the group. In 1924 he was elected a Fellow of Trinity College, and was impressed by the galaxy of famous scholars whose colleague he had become. His papers brought him recognition on the international scene, and he began to attend conferences abroad. His Cambridge doctorate was awarded in 1924, and was followed two years later by his London D.Sc. In 1927 he received the Meldola Medal of the Royal Institute of Chemistry, an award for distinguished research by a chemist under 30 years of age. By that time he was acquainted with many of the world's leading biochemists and felt able to talk with them on equal terms. He had become a Demonstrator in Biochemistry and enjoyed his modest teaching assignments.
Professor Allibone (1988) gives us a glimpse of him at this time: 
C a r d i f f
He found his later years at Cambridge less enjoyable in some ways. Hopkins was by then, as Quastel was to recall, 'more and more involved in his important public duties and more and more remote so far as I was concerned ' (66,74) . He had begun to feel that the life of a Cambridge don was not altogether his ideal one: he wanted not only a job of his own but a home of his own, and he doubted that he would find in Cambridge a life's partner who shared his background. So he decided not to have his Fellowship renewed, but to apply for a position outside Cambridge. After he had made several unsuccessful applications, he considered an advertisement in Nature that read 'Biochemist wanted for Cardiff City Mental Hospital. Salary £800 a year, dinner and teas included'. He hesitated, but was encouraged to apply by Hopkins, as well as by Sir Walter Fletcher, the Secretary of the Medical Research Council, who promised financial support for his research on condition that he conduct investigations on the brain (66). Having thought the idea over, Quastel decided that he could work as successfully on brain metabolism as on bacterial metabolism, and he so assured the Hospital's authorities when they interviewed him. So in 1930 he packed his belongings into his small car and drove to Cardiff, where he was to have his living-quarters as well as his laboratory within the hospital.
In short order Quastel was installed in the previously existing laboratory, a well equipped one, and found there the technician, A.H. Wheatley, who continued to work under the new chief and provide him with excellent assistance. The Superintendent was sceptical of the work that Quastel was now initiating, but recognized that the presence of a research unit gave his hospital additional prestige. In his new surroundings Quastel began to search for novel ways to make a biochemical entry into the difficult problems of mental disease. One of his approaches was to conduct a research seminar every Friday afternoon with the medical staff. Eventually, he started up work in several areas of brain metabolism which 'became increasingly oriented so as to bear as much as possible on the problems of mental disorder' (74). In his autobiography (66,75) he refers to three directions: ( ) 'the search for normal products of metabolism that might affect cerebral carbohydrate metabolism' (this would refer to his research on metabolism of brain preparations vitra, glucose as the major fuel of the brain in vitro; glutamate as an alternate fuel; and ketone body metabolism in the ( b) laboratory studies that were coordinated with clinical investigations (the effects of barbiturates and other narcotics on brain metabolism; the protective effect of glucose on prolonged narcotic therapy for mental patients; liver function tests in schizophrenia, and the processes of detoxication; and phenylketonuria); and (c) investigations of effector substances in brain (acetylcholine synthesis; amine oxidase and amine metabolism; action of amphetamine).
ACTION OF NARCOTICS
His interest in the action of barbiturates on the brain stemmed from his observations, while on medical rounds with his colleagues, that some psychotic patients benefited from 'prolonged narcosis therapy', a treatment that involved sleep under the influence of barbiturates for many days. Successes with this therapy were, however, occasionally offset by deaths, attributed then to a toxic action of the barbiturate (74). He soon detected a selective and reversible action of the drugs on the respiration of brain preparations (20, 22) . In this way he initiated one of the major areas of his research career. In an annotation to a bibliography deposited with the Royal Society in 1972, he wrote that this work marked the beginning of systematic studies on the effects of drugs on enzyme systems and of the development of biochemical pharmacology.
Following his wartime diversion into other research and his subsequent transatlantic move to McGill University, he renewed his interest in the subject of narcotic action, even as he began to explore many additional subjects. Because the terms narcotic and narcosis may seem oddly old-fashioned in the light of present-day pharmacological systematics, the reader should be aware that Quastel used these terms as catch-all rubrics in the classical sense to refer to drugs that induce sleep or related states. His first paper on the subject (22) defines narcosis as 'a depression of the normal functional activity of the nervous centre in question', from which one can deduce that he had in mind a specific locus of action of the narcotic drugs. These he defined (45) Quastel's approach was based on a variety of experiments in which the minced brain or thin slices of brain cortex are incubated with specific drugs, and their respiration (i.e. oxygen consumption, as measured in the Barcroft or, later on, the Warburg manometric apparatus) is determined. He could justify this strategy (22) on the basis of physiological evidence relating to the development of anoxia and decreased oxidative metabolism in the central nervous system during anaesthesia, as well as the vital role of carbohydrate (glucose) utilization in brain function. He attempted to pinpoint to some extent the nature of the oxidative process that is inhibited by the drugs, by testing several different substrates, and those experiments showed that the glycolytic intermediates (glucose, lactate, pyruvate) are affected most, and succinate (a substrate of the tricarboxylic acid cycle) not at all (20), although the oxidation of glutamate, which is readily converted to a-oxoglutarate -another intermediate in that oxidative cycle -is also inhibited by the narcotics. These drugs also increased the rate of breakdown of 'bound acetylcholine' to its physiologically active form, a process that he considered was the result of inhibition of the rate of formation of adenosine triphosphate (ATP), the source of energy for holding the acetylcholine in storage.
In succeeding years Quastel presented his views on many occasions (38, 45, 50, 55, 64) , each time with modifications, in order to introduce new findings from his laboratory or to respond to his critics. By 1955 he had turned his attention to the use of excess potassium ion in the nutrient medium in which cerebral slices were bathed, as a means of increasing the respiratory rate. This phenomenon had been described some years earlier by British investigators (Ashford & Dixon 1935; Dickens & Greville 1935) and was then reintroduced by Kimura and Niwa (1953) . These experiments demonstrated the exquisite sensitivity of potassium-stimulated respiration of brain slices to the action of two barbiturates and to chloretone. The results were attributed to a retarding effect of the narcotics on a specific phase of nerve respiration that is concerned with glucose (or pyruvate) oxidation. This phase is not prominent in a resting, unstimulated, nerve, the respiration of which is made up largely of processes that are unresponsive to potassium or insensitive to low concentrations of narcotics. This phase, however, becomes an important aspect o f the respiration of stimulated nerve (49).
The high-potassium experiments had another consequence, for Japanese investigators (Kimura & Niwa 1953; Tsukada & Takaguchi 1955) now found that the 'extra oxygen uptake' was sensitive to malonate, the succinate oxidase inhibitor discovered some years earlier by Quastel. This inhibition resolved the earlier contradiction about the non-susceptibility of succinate oxidation by resting brain slices to narcotics. In contrast to the respiratory process, aerobic glycolysis as stimulated by the addition of excess potassium to incubated brain slices was not affected by malonate (Takagaki et al. 1958) .
In addition to the technical innovation of potassium-stimulated respiration Quastel now paid much more attention to the energetics of the cells he was studying, especially with regard to the content of ATP and the rate of its production, but always with the perspective of changes in the rate of phosphorylation as the consequence of reduced oxidation. In their review of the effects of drugs on enzymes, Hunter and Lowry (1956) 
detected this shift in emphasis:
M ost workers in the field, including Quastel, now agree fairly well that any depression o f the overall oxygen consumption o f unstimulated brain tissue by depressants at anaesthetic levels is small, if not com pletely absent. ... Quastel's most recent view has been that anaesthetics selectively depress a sensitive oxidative reaction vital to the generation o f ATP.
But the reviewers noted, quite frankly, that there was not supporting evidence for this theory. A few years later, at the Fourth International Congress of Biochemistry in Vienna, in 1958, much of Quastel's lecture (55) was devoted to the effects of potassium ions not only in stimulating neuronal respiration, but also with the formation of amino acids in brain slices, especially the stimulation of the synthesis of glutamate, glutamine and y-aminobutyric acid from radioactively labelled glucose (cf. (54)). What emerges from this paper is the recog nition that a shift had occurred in Quastel's views about the action of narcotic drugs: from the somewhat rigid stance of his earlier presentations to a more flexible position that acknowledged some of the criticism levelled at the earlier view. He now accepted the primacy of a defect in phosphorylation, i.e. the dissociation of phosphorylation from oxidation, in the molecular action of narcotics with a subsequent decline in the oxygen consumption.
In later years Quastel continued to write on this subject but never again in the simplistic fashion of his earlier papers. The view that he presented at Vienna appears to have been a watershed, and the evolution of his understanding of the actions of narcotics on the brain led to a much more open approach, recognizable in a masterly weaving of his argument on the broad tapestry of intermediary metabolism of the neuron.
MENTAL DISEASE
Quastel was well aware of his originality in studies of mental disease and, like many scientists, was concerned to have his priorities recognized for certain discoveries. This is evident in his autobiographical writings and in his annotated bibliographies. However, one topic that he introduced in research at the Cardiff Mental Hospital seems to have had an ambivalent status in his own assessment of its ultimate significance: the attempt to detect faulty detoxication in schizophrenia. At that time one school of psychiatric theory held that the liver is capable of producing toxic substances that act deleteriously upon the brain. This concept of hepatogenous intoxication, with ancient antecedents in the relation of visceral functions to mentation and affect, had taken on new vigour towards the end of the 19th century (Sourkes 1962), just when studies of the anatomy and pathology of the brain were proving inadequate to explain the origin of mental diseases. In opposition to this view it was suggested that the defect lay actually in sluggish elimination of these hypothetical poisons, because of failure of detoxication to keep pace with their rate of production. The biochemical approach to the study of mental diseases, might bear fruit, in that it Amines of biological origin were becoming well known during those years particularly through the important monographs of George Barger (1914) and Markus Guggenheim (1920) .
In seeking to determine if faulty detoxication were associated with mental disease, Quastel and his colleague turned to the clinical chemistry laboratory for a suitable test, and thought they had found it in Quick's hippuric acid test. In this test the patient receives the sodium salt of benzoic acid, following which the rate of urinary excretion of hippuric acid (benzoylglycine) is measured. In the first of two studies Quastel and Wales (35) discovered that catatonic schizophrenics had low rates of excretion of hippuric acid, and this was confirmed in a later study in which the benzoate was given intravenously (40). Subsequent work on the Quick test in other laboratories did not always yield uniform results, nor were all investigators able to detect a defect in conjugation. One laboratory discovered that the defect lies not in the actual conjugative reaction but rather in the ability of the body to mobilize glycine. And as other factors appeared that conditioned the results, the utility of the hippuric acid test faded away. Of course, the test measured only one set of hepatic functions and could not possibly provide information about the vast number of other types of function in that organ, any one of which might, when 'defective', yield the elusive psychotogenic toxin. However, what does remain must be the recognition of Quastel's sensitivity to the then current needs of psychiatric research, along with his ingenuity in selecting a modality of research that would mesh his basic laboratory approach and findings with clinical investigation.
N e u r o c h e m i s t r y o f a c e t y l c h o l i n e
Between 1936 and 1941 Quastel and his colleagues published four papers in the Biochemical Journal on the synthesis of acetylcholine by brain tissue (28, 33, 36, 37) . The subject was a new one for Quastel and his group and, indeed, for biochemistry. Acetylcholine, long known as a powerful drug, had recently arrived at the front of the physiological stage. It was now believed, especially on the basis of the evidence supplied by Loewi, Dale and their respective colleagues, to be one of the two principal transmitters at peripheral neuro-effector junctions, its opposite number being the adrenaline-like material that had been tentatively labelled 'sympathin'. The brains of mammals, it was known, contain a good deal of acetylcholine, and also much cholinesterase, the enzyme that destroys it; and very recently it had been proposed that acetylcholine was involved in ganglionic transmission. But when the Cardiff group began their studies nothing was known for certain, and few had dared to speculate about the biochemistry of central synaptic transmission. If the papers just cited have now become classics of the new science of neurochemistry, the reason is only in part that acetycholine has been identified as an important substance in the brain, one of the many neurotransmitters there. An equally important reason is that Quastel's group were the first to show that the metabolism of a central neurotransmitter can be effectively studied in v i t r o , by experiments on brain slices respiring in sim media, and that the results obtained from such experiments can shed light on how the brain functions in vivo.
Quastel was interested in the current research on acetylcholine and was willing to guess that it might be important in the brain as well as at peripheral synapses. But he had no intention of pursuing his guess until chance presented him with an unexpected opportunity. In his own words (74) Quastel's 'bound' acetylcholine, or 'acetylcholine precursor' can now be recognized as having been, for the most part, the free acetylcholine synthesized by the cholinergic nerve endings of the brain and sequestered within the presynaptic vesicles. In the 1930s the existence of these minute organelles was of course unknown; they remained unseen until they were revealed by electron microscopy in 1953, so Quastel's hypothesis of a precursor containing chemically bound acetylcholine was a reasonable one for its time. He did argue, as early as 1938, that the precursor could not have been formed by the mere adsorption of free acetylcholine on some tissue constituent, for he could not produce it by adding acetylcholine to the milieu. The whole complex, he thought, must have been synthesized intracellularly, the presumed ingredients, in addition to a binding protein, being free choline and an unknown metabolite of glucose, pyruvate or lactate. Much further research elsewhere on acetylcholine synthesis by cell-free extracts has confirmed that Quastel's picture was close to the truth; his hypothetical acetyl donor proved to be acetylcoenzyme A, identified mainly through the work of Fritz Lipmann and his colleagues and known to be an essential reactant in the many biosynthetic processes that depend on acylation. It is something of a historical curiosity that the first two biological acetylations that were found to involve this coenzyme were those of sulfanilamide and choline.
The work on acetylcholine synthesis soon led Quastel into a minor controversy with Edgar and Ellen Stedman of Edinburgh (Stedman & Stedman 1939), who had been the first to document the synthesis of chemically identified acetylcholine by brain tissue. They too had concluded from their experiments that the reaction must involve an acetyl donor, which they supposed to be acetoacetate; but Quastel, who had found acetoacetate to be inactive in his own experiments, had no difficulty in refuting their arguments.
In a second phase Quastel returned to the matter of acetylcholine metabolism, this time making use of the labelled compound in order the better to follow its course in the tissues. He established that exogenously supplied transmitter is partitioned into a 'mobile' form which is readily exchangeable or released, and a retained or 'bound' form. He deduced that at least a portion of the latter is in the neuronal compartment (73).
FATTY ACID METABOLISM
The tissue slice technique introduced by Warburg for the study of metabolism in vitro was becoming more widely applied especially after Krebs used it to demonstrate the synthesis of urea in the liver. Now Quastel applied it as a means of studying the breakdown of fatty acids in that organ. In a series of papers from Cardiff showed that fatty acids undergo multiple alternate oxidations (26), yielding more than one mole of acetoacetic acid per mole oxidized. These results demanded a revision of Knoop's /2-oxidation theory, based on studies in vivo. Other tissues, especially kidney, were also able to produce acetoacetic acid, but only in small amounts. These results, soon confirmed by others, later formed the basis of the present concept of fatty acid oxidation, including the recondensation of the 2-carbon units cleaved by ' alternate ' oxidation. In Vancouver, Quastel returned briefly to acetoacetic acid metabolism, finding that it plays a quantitatively important role in the metabolism of the infant brain, but very much less so in the adult organ (62).
Quastel had developed an interest, which was to be a lasting one, in the influence of inorganic cations on metabolic processes. That interest made itself felt early in his acetylcholine research, when he extended the recent work of Feldberg and his colleagues, who had found that the addition of extra K+ to the tissue environment increased the release of the transmitter. Quastel and his associates (36) found in their experiments on brain slices that an increase of K+ in the medium caused a great increase in the release, and secondarily in the synthesis, of acetylcholine. A similar phenomenon has been found to occur with each of the other transmitters more recently brought to light, and it has been of great value in their investigation.
Quastel used Na+-and Ca2+-free media in some of his experiments, but he missed discovering the significance of these two ions for transmitter biochemistry. That the physiological release of acetylcholine depends on the presence of extracellular Ca2+ was reported by others a year or two later; that Na+ is required for the replenishment of stored acetylcholine after its release was not discovered until much later, after his own report that the intestinal absorption of glucose is also a Na+-dependent process (see below). Quastel's son David was then a contributor to the studies that related Na+ to acetylcholine synthesis and storage. The effects of all three cations (and of Mg2+ which opposes Ca2+) are basically the same at all transmitter-operated synapses, as well as in many secretory systems in which preformed agents are stored for release by exocytosis.
A m i n e s a n d a m i n e o x i d a s e
In his study of the effect of additives on the metabolism of brain tissue (24) Quastel had tested woamylamine, among other compounds. It not only inhibited respiration of the tissue but also served as a substrate yielding free ammonia. A few years later he and Ms C.E.M. Pugh surveyed the effect of slices and extracts of brain, liver and kidney on ammonia production from the simplest aliphatic amines (Ct -C4), and on concurrent oxygen utilization (30). Because the a-am ino acid alanine was neither oxidized nor deaminated under the same conditions, Quastel was satisfied that he was dealing with a new system, distinct from that acting on the amino acids. In the case of isoamylamine he obtained evidence for the formation of a carbonyl compound (presumably the corresponding aldehyde) as a result of deamination. A somewhat similar enzyme activity had been described in liver nine years earlier by Mary Hare (1928) in the Biochemistry Laboratory at Cambridge, and had been named tyramine oxidase by her. She had detected the need for aerobic conditions and had noted the production of hydrogen peroxide during the reaction. Tyramine was of specific interest because in perfusion experiments the liver converts this amine to the corresponding acid,/?-hydroxyphenylacetic acid. Hare's investigation offered the first clarification of how this conversion might be initiated at the cellular level.
In the next few years Hare's finding lay fallow, but then in 1937 a series of papers on amine oxidation appeared in rapid succession from several different laboratories. Ms F.J. Philpot (1937) in the Biochemistry Department of Oxford, re-examined Hare's system, and obtained evidence for the formation of an aldehyde from tyramine. At the same time H.I. Kohn (1937) , working in Keilin's laboratory at the Molteno Institute, established that the tyramine oxidase system gives rise to three products in equimolar amounts: an aldehyde, peroxide and ammonia. During the course of this research H. Blaschko (later F.R.S.), whose laboratory (then at Cambridge) was engaged in research on the mechanism of adrenaline oxidation, had informed him that his own preparations oxidized not only adrenaline but also tyramine. Kohn writes, The results of these 'competition experiments' led to the conclusion that tyramine oxidase and adrenaline oxidase are probably the same enzyme. Richter (1937) agreed with this interpretation (cf. Blaschko et al. 1937) .
A second paper by Pugh and Quastel (32), arriving at the editor's desk one day earlier than that of Blaschko and his colleagues, appeared in the same issue of the Biochemical Journal. It contained some competition experiments, as well as verification of the oxidative formation of hydrogen peroxide and aldehydes from their series of aliphatic amines. The Cardiff authors now recognized that a common amine oxidizing system existed for aliphatic amines, tyramine, /1-phenylethylamine and indolylethylamine, and also proposed the designation 'amine oxidase'. In later years Quastel (75) and Richter (1988a, b) would each recall the events surrounding the amine oxidase studies of that period. From the distance of time, one is inclined to think that Blaschko's group and Kohn at Cambridge had the advantage of cooperation and exchange of information, with a resulting catalytic effect on their thinking about the nature of various enzyme activities, whereas Quastel had the advantage of commitment to the study of the brain, leading to his specific contribution: the description of amine oxidase activity in that organ for the first time. He could not have realized then how significant this enzyme would become 30 years later in all considerations of the theory and treatment of mental depression.
The work on amine metabolism now took an immediate practical turn. The usefulness of benzedrine (amphetamine) 'in cases of narcolepsy and in conditions where a stimulation of the central nervous system is required' led Quastel to investigate the action of this amine on brain metabolism (39). Blaschko had shown that amines of this type, i.e. with the amino group adjacent to a branch-point in the aliphatic chain, were not substrates for amine oxidase. Quastel then demonstrated that benzedrine actually had a two-fold effect: inhibitory action on the oxidation of amines, and a stimulatory effect on respiration of tissue in the presence of an oxidizable amine. Thus, benzedrine exerted 'a partial neutralization of the inhibition of respiration' by, say, tyramine. Having established that two well known aldehydes, isovaleric aldehyde and p-hydroxybenzaldehyde, respectively), were inhibitors of brain respiration, Mann and Quastel generalized that the aldehyde products of amine oxidation are inhibitory in this way, and that such inhibition is reduced in the presence of benzedrine by virtue of its ability to displace the substrate amine from the enzyme surface. Experiment showed that benzedrine did not affect the action of these two aldehydes, thus assuring the investigators that this drug must be acting at the level of amine oxidase. Although these experiments may provide sufficient explanation of the metabolic events as studied , there is less certainty that this type of effect plays a role in the pharmacological effects of benzedrine in the central nervous system (CNS). This drug has a versatile repertoire of effects not only in relation to monoamine oxidase but also to the storage and release of neurotransmitters like dopamine and 5-hydroxytryptamine.
In 1934 A. Fdlling, a Norwegian paediatrician, described a metabolic abnormality in some cases of mentally defective children: significant excretion of phenylpyruvic acid in the urine. Through use of a simple ferric chloride test for the keto acid that Foiling had devised, L. Penrose in England was able to detect cases, which he described in two brief articles in The Lancet in 1935. By the time he had prepared the second of these (Penrose 1935 ) he was apparently in touch with Quastel about the biochemical change associated with the mental defect, for he attributes to Quastel the suggestion of the name phenylketonuria (now often abbreviated to PKU), by analogy with the term alcaptonuria. Their common interest in the disease, one from the genetic point of view, the other from the biochemical, brought Penrose and Quastel together in a research project that resulted in a series of metabolic studies in phenylketonurics (29). They attributed the high excretion of phenylpyruvic acid to its abnormally diminished catabolism. In fact, their work provided the first evidence that the defect lay in the inability (or very much reduced ability) of the phenylketonuric subject to convert phenylalanine to tyrosine, the actual major normal route of metabolism of the amino acid. Although the joint work proved fruitful, Quastel found that long-distance collaboration (Penrose was in Colchester) was difficult. Furthermore, the beginning pressure of war research precluded continuing with this subject. Later on, in Montreal, Quastel took up the study of phenylalanine metabolism in vitro. With Bickis and Kennedy he demonstrated that phenylpyruvic acid has an inhibitory effect on the metabolism of tyrosine in the liver, an action that could have consequences for the phenylketonuric subject (51). In the next few years other studies in Quastel's Institute dealt with the effects of phenylalanine and phenylpyruvic acid on the synthesis of adrenaline in the adrenal gland (58) and of melanin in melanotic tissue (60).
SOIL BIOCHEMISTRY
In 1940, after the British withdrawal from Dunkirk, the Quastels decided that Henrietta and their two boys should go to the U.S.A. (their daughter was bom in the United States). A year later Quastel, still at Cardiff, had a tempting invitation from J.F. Fulton of Yale University. He and Leslie Nims, guessing that the U.S. would soon be involved in the conflict, had begun to work on problems of aviation physiology; they were especially concerned with cerebral responses to hypoxia, and were anxious to have a strong biochemist on their team. Quastel too wanted to become involved in the war effort, and thought that the Yale Programme might have more military significance than his research at Cardiff; and the prospect of reuniting his family was an appealing one. He sought and quickly obtained the approval of his hospital and the Medical Research Council for his mission, and he was on the point of leaving for America when he received a midnight call from London: it was a summons to meet Dr W.W.C. Topley, the charismatic medical bacteriologist who had just become Secretary (and chief executive officer) of the Agricultural Research Council (ARC). Topley's proposal was that Quastel should become head of the ARC'S first Research Unit, one that would be devoted to soil biochemistry, and would report directly to him. The Government, Topley said, recognized that Britain's survival might well depend on its agricultural productivity, and it was his own idea that a biochemist with Quastel's drive and originality might have something novel and valuable to contribute. Quastel was greatly impressed, and he accepted the invitation. As he was to write long afterward (74) 
He was not particularly happy there (74):
The atmosphere depressed me. The director, Sir John Russel, had promised to give me a laboratory there but when I arrived he had forgotten all about it. When we toured the completely filled laboratories there was nothing available except an old potting shed which was, however, supplied with electric light and a water supply. There were no windows but there was a large door, opposite a glasshouse. I determined to use this space and, in a relatively short time and with the aid o f Government permits, had it equipped with laboratory benches and a tiny balance room. There was very little space but three or four o f us managed to work there and we had easy access to the glasshouse. I recall being in a complete quandary as to how I should start the work. Placing me in that station was probably a good thing, not only because o f certain friendships that I formed, but because it gave me an insight into the nature o f soils that I never knew or suspected before. One o f the few who took some interest in my problems was Thornton (later Sir Gerard) who was Head o f the Department o f Soil Microbiology.
It is easy to imagine that the established scientists at Rothamsted may have been unenthusiastic about Topley's bright idea: did the ARC really think that a biochemist from a psychiatric hospital was especially qualified to help Britain improve the productivity of its farms? Nevertheless, Quastel's assignment was 'to work on soil biochemistry with the objective of improving crop production'. His own productivity during his six years there was high, perhaps as high as during any years of his career. The first four of them, though, were wartime years, and he found that one of his research programmes had to be pursued under conditions of great secrecy. Later on, when another programme of his gave results that seemed to warrant immediate application in agriculture, he found himself for the first time working closely with scientists from industry.
From today's vantage point, one of these two programmes can be viewed as almost awesomely successful, while the other was a disappointment. This, however, may not be a final judgement (man's relation to his biosphere is changing) and even more than 40 years later the story of each development is still incomplete. One, the success story, relates to the testing of selective herbicides based on natural plant hormones. The other, the apparent failure, relates to the search for synthetic soil 'conditioners' having the ability to improve the texture and therefore the tillability of refractory soils. These two stories, however, represent only a part of the work of Quastel's unit at Rothamsted. Much of the unit's effort was devoted to research of a more basic sort: the study of what Quastel liked to call 'soil metabolism'. Here his colleagues were Philip Mann, who had accompanied him from Cardiff, and Howard Lees; later Leslie Audus and Peter Scholefield joined the team, which concerned itself particularly with soil nitrification and with the metabolism of manganese. These technologically novel studies, may in the long run prove to be as seminal as Quastel's other ventures into soil science, and will be mentioned first.
It was Quastel's idea that soil should be examined as if it were a living tissue, whose input-output relations were determined, like those of a brain slice, by the composition of the watery medium to which it was exposed. He and his team decided, therefore, that they would subject samples of soil to continuous perfusion, using an apparatus that allowed them to aerate the perfusion fluid, recycle it, and take samples from it at intervals. The simple device they employed, designed first by Lees and then modified by Audus, was used by all the members of the team; it was set up in replicate so that many tests could be done at once; and it worked very well, first in Rothamsted and then in Montreal. The 'metabolism' of the soil samples was of course that of their adherent micro-organisms. With the supply of potential nutrients under their control, the experimenters were impressed by the ability of the soil flora to adapt to the medium, so that eventually, after a lag period, the whole available interface between the solid and liquid phases was colonized by species that could use the solutes presented to them.
The Quastel team made it their first priority to study the biochemistry of nitrification, that is, the sequence of reactions by which bacteria convert ammonia, derived from the microbial fixation of atmospheric N2 and from other sources, into nitrite and then into nitrate. The responsible organisms had been isolated late in the 19th century, but remarkably little was known about these indispensable processes. The perfusion technique gave new insights into their behaviour. In this situation the bacteria proliferated at the expense of adsorbed NH4+ until the end of the lag period indicated that the soil had been 'saturated' by the nitrifiers; thereafter they were non-proliferating, but actively metabolizing. Mutant and resistant organisms could be identified, the nitrification of various organic nitrogen compounds including amino acids could be observed, and the effects of known or suspected inhibitors could be quantified. When Quastel and Scholefield in 1951 reviewed the whole nitrification field (43), a dozen of the 72 papers they cited were from their own group, and it is clear that the field's later development owes much to the stimulus they provided. At Rothamsted meanwhile the perfusion technique found another application in the experiments of Mann and Quastel (41) on manganese metabolism in soils; and in Montreal, Scholefield, besides continuing his nitrification studies, investigated the fate in soil of arsenite and of several simple organic compounds (oximes, glycine, urea, urethane, nicotinamide) that might influence nitrification.
Early in his stay at Rothamsted Quastel became impressed by the differences in the physical structure of the soils he examined: differences which, he learned, could be measured by testing such parameters as crumb stability, aeration and water-holding power. He realized, as all soil scientists did, that these differences were due in large part to the complex organic substances, in general poorly defined chemically, that collectively form its humus component. These substances are formed in soil by bacterial and fungal action from such raw materials as lignins, cellulose, proteins and lipids; they differ greatly in amount and composition from soil to soil; they are continuously produced and broken down; and their polar and hydrophilic properties are responsible for their effect on the crumb structure (tilth) of a soil which is so important for its fertility and its resistance to erosion.
Some of these humus substances were polyuronides and other complex polysaccharides; and Quastel was anxious, as other soil scientists had been, to explore the possibility of using synthetic materials with similar properties to improve soil structure. For his first trial he and D.M. Webley chose sodium alginate, a well defined product first obtained from seaweed. They tested it on a clay soil of low humus content, which they had supplied with nutrients and seeded with bacteria of known respiratory capacity; this was placed in a Warburg respirometer (here used for the first time to study soil metabolism), and its rate of oxygen uptake was measured as a function of the amount of water that had been added to the soil. The value thus obtained was called the aeration factor; and the experimenters showed that both the aeration factor and the crumb stability of the soil could be improved by the addition of the alginate. They obtained similar results when they used cellulose esters, and also, of course, when they used such traditional soil improvers as manure, compost and sewage. Even relatively good soils could be improved by their treatments, as they confirmed by experiments on growing tomatoes. It was clear to Quastel and Webley (42) , that the practical value of synthetic soil conditioners would depend on many factors that they had not tested, including their long-term non-toxicity, their persistence in the soil and their cost, but they expressed optimism about the future of applied research in the direction they had pioneered.
The work at Rothamsted aroused the interest, and presently the enthusiasm, of O.A. Hochwald, the Director of the Monsanto Chemical Company's central research laboratory in Dayton, Ohio. He invited R.M. Hedrick, then at the start of his Monsanto career, to head a unit to develop soil conditioners, with D.T. Mowry as project officer; it was expected that this might be a 15 year project. The initial results at Dayton were encouraging, and the project was rapidly expanded, with the close cooperation of Quastel who by that time was in Montreal. Research in other centres was funded; the American Association for the Advancement of Science held a symposium on soil conditioners in Philadelphia at the end of 1951, with the opening paper by Quastel (46, 48) and attention was focused particularly on two polyanionic derivatives of polyacrylonitrile which, especially in combination, greatly improved the stability and workability of treated soils. Monsanto obtained the necessary patents, put the combination on the market as 'Krilium', and displayed impressive photographs of its effects.
Unfortunately this was the zenith of the career of the synthetic soil conditioners. Those who were close to the development still feel that the failure was one of planning and marketing, not of the product itself. They think that Monsanto moved too quickly into large-scale exploitation instead of building up experience with small-scale users like gardemers, greenhousemen and truck gardeners. The importance of soil structure was still poorly understood; there was concern about adding chemicals to the environment, and generally about the possible long-term effects. An evolutionary approach might have been more successful. The further research supported by Monsanto, in universities and government laboratories as well as in-house, had added valuable new information about the properties that should be sought after: easily reversible adsorption on clay particles, good water solubility, resistance to micro-organisms; high molecular weight and absence of cross-linking were critical features of the chemical design.
In the end, however, Monsanto took the painful decision to terminate the project. Quastel was not much affected, since he had returned to a more familiar kind of research. In the intervening years, a number of academic and industrial researchers have tried to revive the soil conditioning technology, and most of them have used some form of the polyuronic acid concept originated by Quastel. So far, none of these projects has come to fruition. But it is hard to believe that the idea will not be revived before long, under the stimulus of increasing population and increasing degradation of the world's limited supply of good agricultural soil. Interest in Quastel's concept is certainly not extinct, even, it would seem, at Monsanto. It is possible that Quastel may at some time be remembered as a great pioneer of agricultural research because of the stimulus he gave to the development of synthetic soil conditioners.
S e l e c t i v e h e r b i c i d e s
Not long after he started work at Rothamsted, Quastel had begun to discuss with Thornton, the head of the Soil Microbiology Department, the effect of the plant growth hormone indolacetic acid on the root hairs of clover and other legumes. Quastel's interest was, of course, in the possibility of increasing the fixation of nitrogen by these structures. When he wrote in 1983 he had probably forgotten that Thornton and his young assistant Phillip Nutman (now F.R.S.) were already keenly interested in indolacetic acid. They suspected (following the work of their former colleague H.K. Chen, who was now back in China) that this substance might be responsible both for root-hair 'curling' in legumes and for 'clover sickness', a serious and unexplained condition in clover. Thornton and Nutman guessed that the nitrogen-fixing bacteria in the root nodules might be producing a toxic substance which affected growth, and they had started to do experiments to test that possibility. The experiments gave a positive result: both indolacetic acid and its naphthyl analogue caused the characteristic curling of root hairs that preceded infection. What they did not expect, however, was that these substances proved to be extremely toxic to clover seedlings, preventing germination at concentrations as low as one part in a million. It was at that point, apparently, that Quastel, whose laboratory was next to Nutman's, came into the picture. By February of 1942 -the date comes from Celia Kirby's careful history (Kirby 1980) -the trio had decided that the hormone might have some practical use as a weedkiller if (as seemed likely) it did not persist too long in the soil, and if (as seemed much less likely) it showed sufficient selectivity. They decided that these possibilities were worth exploring.
The discovery that a chemical as simple as indolacetic acid was an extremely potent stimulus for the elongation of growing plant cells led quickly to the synthesis and testing of many related compounds, especially by scientists at the Boyce Thompson Institute (then at Y onkers, New Y ork) and at the University of Colorado. By 1942 dozens of active derivatives had been examined. Some, in addition to affecting growth regulation, had bizarre effects as well as apparently useful ones. Thus, they could produce seedless tomatoes, and they could cause apples and pears to hang from their twigs until they were fully ripe: actions that clearly invited commercial exploitation. In this respect the phenoxyacetic acids were particularly potent, and in 1942 one of them, the chlorinated derivative 2,4-dichlorophenoxyacetic (2,4-D), was patented as a growth regulator by the du Pont Company.
The Rothamsted experiments with indolacetic acid had been first encouraging and then disappointing. The compounds were beautifully selective, killing clover and lucerne but sparing wheat. But when they were tested in soil they did little damage to any of the plants, and the experim enters thought that the com pounds had been destroyed by soil micro-organisms. It was at that point that Quastel visited the U.S.A. on behalf of the Agricultural Research Council to find out what was happening there in research on plant hormones. Fulton used the opportunity to renew his invitation to involve Quastel in aviation physiology, but Topley's high-level intervention ensured that he would not be tempted to join the team at Yale. At that time Fulton (1942) 
would write:
Quastel is really an extraordinary fellow and he seems to have a larger grasp o f biochemical problems as they relate to the nervous system than any one living. A lso he combines the academic with a rigidly practical approach to problems in the present emergency that makes him really invaluable to the war effort.
Quastel learned at Yonkers about what 2,4-D could do, and on his return he persuaded Thornton and Nutman to do further soil trials with that agent; it was his guess that the chlorinated compounds would be more resistant to bacterial attack. The problem of obtain ing 2,4-D was quickly solved. By good fortune Quastel had a friend nearby who was able and willing to synthesize it in the required quantity: this was Franz Bergel (later F.R.S.) who had become Director of Research at the laboratories of Roche Products Ltd in Welwyn Garden City. By November of 1942 there was no doubt about the result: 2,4-D had selective toxicity for broad leaved plants, while sparing monocotyledons like the cereals and grasses; moreover, it remained active in the soil long enough to produce these effects. In Quastel's report to Topley of the ARC, written on 17 November 1942, he raised the possibility that 2,4-D might be used in war, either by his own country or by the enemy. It was powerful enough, and potentially cheap enough, he thought, to destroy cereals as well as vegetables if it were applied on a large scale. To his astonishment, he learned that Topley was already aware of that possibility. Experiments like the ones at Rothamsted had just been completed by W.G. Templeman and his colleagues at Jealott's Hill in Berkshire, a field research station of Imperial Chemical Industries (ICI). Their best compound was also a chlorinated analogue of the natural hormone: it was 4-chloro-otolyloxyacetic acid, and it acted very much like 2,4-D though at the end it was not to be an effective competitor.
The subsequent events are outside the scope of this memoir. Tight military security was imposed on both research groups, and the question of using 2,4-D against enemy crops was considered at the highest levels of government before it was rejected. Research on the phenoxy acid derivatives, however, was accelerated, and it led in due course to the development of the trichloro analogue 2,4,5-T, which had a different though useful selectivity. Unfortunately the large-scale manufacture of 2,4,5-T was found to be associated with an unsuspected risk, the formation of the awesomely toxic tetrachlorodioxin known as TCDD, in amounts that can be unacceptably high unless the synthesis is carried out under strictly controlled conditions. The use of a mixture of 2,4-D and 2,4,5-T as a defoliant in Vietnam produced widespread and lasting damage to many of the species exposed to it, including man. By comparison, the application of 2,4-D to farmland appears to be reasonably safe if done with proper care. In contact with soil the compound lasts long enough to be effective, but it is eventually broken down by the resident microbes and does not accumulate, and its breakdown products are harmless. The benefits 2,4-D has conferred through its protection of crops have been enormous, and the world should be grateful to its developers.
That there should have been two teams responsible for the development in Britain alone, and that they worked independently, may seem surprising. Quastel found it necessary to point this out in a letter to Lord McGowan, the chairman of Imperial Chemical Industries, after McGowan, in a lecture, had claimed the credit for his ICI scientists. Still more surprising, perhaps, is the fact that American researchers, during the war and apparently independently, were also working with selective herbicides and began to apply 2,4-D for that purpose a few months later. One can only conclude that selective herbicides were an idea whose time had come. As to the details of the quest, the historical accounts by Peterson (1967) , Kirby (1980) and Fowle (1982) are in reasonable agreement and supply much fascinating detail. Quastel was proud of the part he played in the discovery but usually took care to mention that he did not share in the royalties. (These went to the American Paint Company, which filed its patent applications in 1944 and subsequently licensed other manufacturers to produce 2,4-D.)
By the end of the war the ARC was favourably impressed with the work of Quastel's Unit, and accepted his suggestion that it should be transferred to Cardiff where it could be associated with the University of Wales. By that time, however, Quastel had begun to think that he ought not to devote the rest of his life to agriculture research. As he wrote (74):
Although I knew the subject o f soil biochemistry to be a fascinating one, capable o f great extension by those interested in the inter-relations o f soil microorganisms and in problems o f soil ecology, and in the influence o f microbiological changes in soil on plant nutrition, I had a yearning to return to my normal fields o f endeavour. I had been out o f touch with animal biochemistry for over six years, at a critical time in m y scientific life, but I felt that I would be able to pick up again, at least where I had left off. I did not grudge the loss o f those years, so many people had lost more than that, but I knew that if I was to return to the normal problems o f biochemistry I must do it at once. It was a misfortune to many o f us that Topley died o f a heart attack before the end o f the war. I think that he alone might have persuaded m e to stay on. I had great admiration for his shrewdness and insight and he was a source o f great encouragement to me in those gloom y periods when I detested soils and the stubborn conservative outlook o f many agriculturists which I felt impeded that development o f soil science.
M ONTREAL
W hen Quastel let it be known that he was thinking of leaving soil research, he found that several opportunities were open to him. The invitation that he eventually accepted came to him from an old friend from the Hopkins laboratory, David Landsborough Thomson, who was now at McGill University and had become Professor of Biochemistry and Chairman of that department. It was fortuitous that at that time a former visitor in Quastel's Cardiff laboratory, Moritz Michaelis, having moved to the Department of Agricultural Chemistry at McGill, told Thomson of Quastel's interest in emigrating (Thomson 1946) . Quastel now learned that the Montreal General Hospital, the senior of the two general hospitals affiliated with M cGill's Faculty of Medicine, was planning to enlarge its facilities and in particular to intensify its somewhat weak research activities. To that end, its best known investigator, I.M. Rabinowitch, was to give up his clinical responsibilities and to become director of a research institute financed jointly by the hospital and the university: Quastel if he wished could become Deputy Director and eventually Rabinowitch's successor, and a full Professor of Biochemistry at McGill. He had some misgivings, but eventually accepted; in his own words (74) Having arrived in Montreal the Quastels soon concluded that this was one of the most interesting and beautiful cities in North America. Quastel himself was treated in the most friendly manner by his colleagues at McGill and at the hospital. He found that the Institute of which he was Co-Director had been installed in an old patrician home on University Street, just on the edge of the main campus of the university. The personnel already included an organic chemist, a radiochemist, and a chief technician possessing versatile skills. Quastel was expected to build the enzyme chemistry section. At first only two floors of the house were converted to laboratory space, but Quastel soon had numerous applications from students who wanted to carry on research for the doctorate, and he found that he was beginning to spend much of his time preparing applications for grants, because he had to raise the money for the research. Later he would have to spend much of his time preparing annual reports for the various agencies. At one time he had 15 graduate students and 12 postdoctoral fellows out of a total Institute population of 35. Later, he 'delegated many students to the care of the senior members of the laboratory and the load on me personally was diminished' (65). Among these younger staff were E. A. Creaser, P. Scholefield (who had emigrated from Cardiff with Quastel), and R.M. Johnstone. Lest one conclude that Quastel's influence on the students was somehow diluted by his expenditure of time on lecturing, consulting, administrative matters and preparation of grant applications, it is worth mentioning the experience of some of those who went through the Institute. J. H. Spencer (1989), a former student there, has stated about Quastel: Another former student R. M. Johnstone (1979) 
writes:
He could see the significance and implications o f experimental observations which never cease to surprise me and to make me feel that I was learning from one o f the great biochemists o f our time.
[Saturday mornings were special events] not quite a working day but not a holiday either and, most important in the minds of some of his graduates for whom these sessions were memorable, an opportunity to hear him talk about his experience in science and about the people with whom he had worked or come in contact.
The hospital authorities had wanted a Research Institute to develop both clinical and basic investigations. In Cardiff Quastel had taken very seriously the need for study of problems of clinical interest and had worked out methods for relating his work to that going on in the wards. But in Montreal he never re-established that close contact with the clinicians, possibly because of the physical distance that separated the Institute from the hospital. There was no want of clinically oriented problems, and many were studied -cancer; actions of tranquillizers, steroids, and snake venoms; phenylketonuria; viral infections -but always from the experimental point of view. Other problems had a less immediate application to medicine but were nevertheless of fundamental importance. These included studies of the transport of ions and nutrients across membranes, the metabolism of amino acids, carbohydrate-amino acid interrelations in the brain, tumour metabolism, phagocytosis, and others. Over 300 publications came out of the Institute. As the concentration on basic research became abundantly evident and the role of the university more prominent, the name of the Institute was altered to the McGill-Montreal General Hospital Research Institute, in 1955 . To those who worked there it was known by the more familiar titles, 'The Quinstitute' or 'Quastel's Hostel'.
INTESTINAL ABSORPTION
In 1948, having received a grant from the Sugar Research Council, Quastel began to study the absorption of sugars from the small intestine. The subject was an old one, but it was new for him, and it presented the sort of challenge that he liked. For it was plain to him, as it was to other leading biochemists, that the newly recognized role of adenosine triphosphate (ATP) as biological free-energy carrier posed a novel and important set of questions: how is the energy derived from ATP applied to the chemical processes that underlie such specialized chemical activities as muscular contraction and protein biosynthesis?
Another such specialized activity, one that could already be seen to be as important as the two just mentioned, was active transport, the movement of a solute 'uphill', against its concentration gradient. Glucose, for example, can be completely absorbed from the intestinal lumen into the blood, even though the blood already contains a good deal of it. At some point in its 'uphill' passage through the mucosa, metabolic energy must assist the passage: does this happen at the luminal edge of the mucosal cell, or at the serosal edge, or somewhere in the cell's interior? The question had no generally accepted answer. The most popular guess was the one by Verzar and McDougall (1936) , who supposed that glucose becomes phosphorylated as it enters the cell, so that its inward gradient becomes steeper, and that it becomes dephosphorylated as it leaves. The evidence for these two reactions was weak, as Quastel was not the only one to see. Nor was he alone in seeing that if the transport mechanism was to be elucidated the methods used by most of his predecessors were inadequate. These involved experiments on the whole animal, and they would have to be replaced by other in vivo methods, in which the experimenter would remove a small intestine and keep it alive in an artificial medium.
The method that was eventually described by Darlington and Quastel (47) was one of the earliest to fulfil these criteria. Their apparatus, which had taken some years to develop, was clearly based on the one that Quastel, Lees, Audus and Scholefield had used in their soil perfusion and root growth experiments. It allowed the inner and outer surfaces of the intestine to be separately irrigated with recirculated oxygenated fluids of predetermined composition, and permitted simultaneous sampling from the two compartments. When the intestine was taken from a small mammal -Darlington and Quastel preferred to use guinea-pigs -and set up in this way, its absorptive and peristaltic functions were well preserved for up to 90 minutes, and it enabled much useful information to be obtained. After Darlington's departure, Quastel continued to use the technique in studies of the absorption of hexoses with other collaborators, among whom were L. Fridhandler, J.E. Guthrie, E. Riklis and B. Haber; and with Haber and Fridhandler he found the same approach useful for investigating the absorption of amino acids.
At a symposium in 1959 Quastel offered an overview (56) of what was already a rapidly expanding field of research. By then several other laboratories had independently developed acceptable in vitro methods for studying intestinal absorption. The earliest of these c from R.B. Fisher and D.R. Parsons (1949) at Oxford; a few years later T.H. Wilson and G. Wiseman (1954) in D.H. Smyth's Sheffield laboratory introduced the everted-sac technique, a valuable modification. By 1960 methodological difficulties were no longer limiting progress in this field: there was general agreement about the selectivity and stereospecificity of hexose and amino acid absorption; and experiments aimed at elucidating the membrane mechanisms involved were being carried out in the laboratories of R.K. Crane, T.Z. Csaky and Smyth, as well as in Quastel's. The focus of this later research was more and more on the attempt to identify the immediate source of energy for active transport (cf. Crane 1960) .
The work of Darlington and Quastel had not excluded the Verzar-McDougall theory of obligatory phosphorylation, though it had made the theory less probable. The Montreal workers had found that glucose could be absorbed quite well in the complete absence of phosphate from the external fluids. But it was still conceivable that enough phosphate remained within the mucosal cells to support a phosphorylation-dephosphorylation cycle; moreover 2,4-dinitrophenol, known to uncouple phosphorylation from respiration, strongly inhibited the active absorption of glucose, as would have been expected on the basis of the Verzar model. In a later paper (53), however, that model was discarded, because other workers had shown that some sugars are transported without being phosphorylated while others are phosphorylated without being transported. Meanwhile Quastel and his group had provided much information about the handling of the different hexoses, and about the partial conversion of fructose to glucose as a preliminary to uptake, as well as the inhibitory effects on absorption of anoxia, shock, metabolic poisons and phlorizin.
In the light of later events the most important observation made by Quastel and his group was an unexpected one: Na+ ions proved to be necessary for the active transport of glucose out of the intestinal lumen (52). This discovery, as Quastel himself asserted (75) towards the end of his career, 'was the forerunner of widespread investigations on the need for Na+ in energy-assisted transport systems'. In retrospect it seems likely that the original observation by Riklis and Quastel was an incidental one, made while they were studying the effects of K+ on glucose absorption, and that its wider significance was recognized only gradually by the workers in the transport field, including Quastel himself. Among those whose findings and insights were to contribute to that recognition were the groups led by Crane, Csaky, H.N. Christensen and G. Takagaki. Crane's (1983) frank account of how he had read the Riklis-Quastel papers before they were published, but then forgot about what turned out to be their most important conclusion, is a good illustration of the complexities that can attend the birth of a novel scientific concept, and ion-dependent active transport is indeed a major concept of modem biology.
It is worth recalling here that when Quastel began his work on intestinal absorption the Na+ ion, which most biologists had thought of as merely a source of osmolarity and ionic strength in the extracellular medium, had suddenly begun to look much more interesting. For during the preceding decade the ionic bases of both the resting potential and the action potential in nerve and muscle fibres had been brought to light, facts that were well known to Quastel because of his interest in neurochemistry. It had become plain that both these potentials depend on the outward (uphill) and inward (downhill) movements of Na+ across the fibre surface. It was further apparent that excitable cells (and by implication other cells as well) must be able to extrude Na+ if they are to stay alive and functional, for it is only by doing so that they can maintain the ionic and electrical gradients that span their boundaries. Thus, the concept of a Na+ pump had become a familiar one for years before the discovery of two of its properties that facilitated its study: the fact (Schatzmann 1953) that it can be selectively poisoned by cardiac glycosides, and its identity with a membrane-bound ATPase which requires both Na+ and K+ for its activity (Skou 1957) .
One consequence of the pum p's existence, it was quickly perceived, is that the electrical gradient it creates across the cell membrane can draw permeant cations into the cell without any further input of ATP-derived energy (secondary active transport). But there was a second consequence that was not so obvious: namely that the transmembrane gradient for Na+, at least in theory, might be a source of energy for the uphill transport of non-electrolytes. The probable existence of selective membrane carriers for such uncharged molecules had been the subject of free speculation for many years, and the example of the drug phlorizin, which clearly interfered in some way with glucose transport, had often been cited by the model-builders. With the advent of isotopic labelling, the kinetics of passive transport had become relatively easy to study, and the concept of exchange diffusion had been validated. But it was not until 1960 or 1961 that the hypothesis of a carrier-mediated cotransport, of Na+ along with the transported solute, clearly emerged (cf. Crane 1983) . A parallel hypothesis, developed independently at about the same time by Peter Mitchell, stated that selective transport of certain solutes across some membranes is driven by a proton gradient of metabolic origin. Since then the two hypotheses, of Na+-dependent and H+-dependent active transport, have both been securely established, and the chemistry of the selective protein carriers which they postulated has been revealed in progressively fuller detail.
Although these later discoveries did not come from Quastel's laboratory, it is proper to emphasize here, as Quastel liked to do himself, the seminal importance of the experiments in Montreal, which had revealed the dependence of active sugar transport not only on ATP (as indicated by its sensitivity to 2,4-dinitrophenol), but also on the presence of Na+ along with the sugar in the extracellular medium.
O t h e r t r a n s p o r t p h e n o m e n a
By 1960, the year in which both Quastel and R.K. Crane published their reviews on intestinal absorption, the concepts of selective transmembrane carriers, exchange diffusion, and active transport were all well established, and they had been shown to apply to a variety of mammalian tissues as well as to the intestinal mucosa. The study of active transport, in particular, had become within a few years a lively branch of cell biology. Besides the kidney, in which the tubular absorption and secretion of many solutes was clearly energy-dependent, active transport was also being examined in muscular, glandular, and nervous tissues, as well as in erythrocytes and tumour cells whose suspensions were especially suitable for quantitative studies. Quastel and his group interested themselves in many of these rapidly developing areas of research, and were pioneers in some of them. In a lecture given to the Royal Society in 1965, under the title ' Molecular transport at cell membranes ', Quastel (61) surveyed a great part of this field (he had little to say about renal or bacterial transport) and was able to cite many significant contributions from his own laboratory. Several of his younger colleagues at the Institute were now working independently and had become recognized authorities in their own chosen areas of the transport field, which had become too broad and complex for any single research group to dominate. Thus, the massive review by Rose Johnstone and Peter Scholefield on 'Amino acid transport in tumor cells', that was also published in 1965, had a bibliography of 224 papers of which 29 were from Quastel's institute, though fewer than half of these bore his name. At that point, Johnstone and Scholefield were both ready to leave the institute and direct laboratories of their own at McGill though they continued to work in the fields to which Quastel had introduced them.
The transport phenomena that particularly interested Quastel were, not unnaturally, those that either related in some way to his own earlier work or else showed some likelihood of practical application. Thus, the remarkable efficiency and selectivity of amino acid uptake by rapidly growing tumours suggested to him that controlled interference with this process might some day form the basis for a rational chemotherapy. The idea was one that had occurred to other researchers, and it helped to account for the rapid growth of the literature on transport in tumour cells, especially those of the easily handled Ehrlich ascites tumour. The value of some therapeutic agents, e.g. the glutamine and folate analogues, and the N-mustard derivatives of amino acids, seem to be related to their affinity for membrane carriers.
The early work on amino acid transport had suggested that stereospecificity is of only minor significance for uptake, and it had even been supposed that a single carrier system might account for most of the observed kinetic data. In 1960, however, this view was challenged by Tenenhouse and Quastel (57), mainly on the basis of differences between the uptakes of glycine and S-ethylcysteine by tumour cells; and further work in both Quastel's and Heinz's and Christensen's laboratories established the principle that there is more than a single carrier, although not one for each amino acid. Competition between the members of each group was readily demonstrated, and the data obtained were generally predictable on the basis of the Michaelis constants for single-substrate transport. Returning to brain slices, always a favourite material of Quastel's, his group confirmed the Na+ dependence, and its corollary the ouabain blockade, of amino acid uptake into this tissue, and they generalized their observations to include other substrates (e.g. creatine, acetate, citrate, choline, thiamine, ascorbic acid) that have key roles in intermediary metabolism. Among the other tissues they explored, adrenal cortex, already known to be rich in ascorbic acid, showed the expected active uptake of this vitamin.
When Quastel, now a septuagenarian, published his last major review of transport research (63), its focus was on cerebral tissue, and he was able to give special attention to the neurotransmitters then known and to the substances that influence their storage. The synaptic roles of such amino acids as y-aminobutyrate, glutamate, aspartate and glycine were not yet fully established, but he noted their avid uptake in some circumstances, and if his laboratory resources had been greater would have liked to return to the problems of the metabolism of glutamate and its congeners which had fascinated him early in his career. His relationship with his second son David was always a close one; and he was much pleased when David, after his degrees in physiology and medicine did his Ph.D. research on the role of Na+ in the synthesis and storage of acetylcholine in sympathetic ganglia. Unfortunately the results of that research, although important, were never published in full detail. They did become known to leading workers in the cholinergic transmission field, but their implications have not yet been fully explored. In 1961 David and his father as joint authors published a small book on the chemistry of brain metabolism (59), in which they highlighted some of the recent advances in neurochemistry for the benefit of graduate students and others. It is the only book of which the senior Quastel was author or co-author, though he wrote reviews and book chapters of comparable length and edited several collaborative volumes. Still very readable, it offers a cross section of the neurochemistry of its time and, of course, of the developing views of its senior author.
V A NCO UVER
When Quastel turned 65 a major change was made in the Institute. The larger part was converted to a cancer institute, initially under the direction of P.G. Scholefield; the remainder was to be devoted to problems of cell metabolism under Quastel's direction. One senior colleague S.C. Sung remained with him. The change came at the time of the opening of the new McIntyre Medical Sciences Building at McGill where the laboratories were now housed. For someone with as active a mind as Quastel's and a continuing keen interest in the progress o f biochem istry, any degree of retirem ent status was intellectually unacceptable. It so happened that he was invited to speak at the annual general meeting of the Chemical Institute of Canada at the University of British Columbia in 1966. Dr W.C. Gibson (1989) , the founder of the Kinsmen Neurological Science Laboratory at that university (now a part of the Department of Psychiatry), takes up the story at the point where he found himself seated beside Quastel at the C.I.C. banquet:
I had never met him before but I had heard a great deal about him in England and at McGill where our neurological interests overlapped ... So I chatted ... with [him], found that he was retiring from M cGill, and could be interested in coming to the Kinsmen Laboratory ... Our team at the Laboratory were keen on the idea and we soon concluded negotiations very successfully. Graduate students began to hammer on our doors and Q was in his element. I spent some time with him and his w ife, looking at houses and finally landed one with excellent views over Burrard Inlet and up to the mountains on the North S h ore... They were a most hospitable couple in their new surroundings and revelled in the musical and artistic communities to which they were welcom ed in Vancouver. Q could not believe the flowers and vegetation which abounded and felt sorry for his former colleagues trapped in eastern winters.
In his Vancouver years, Quastel worked for the most part with postdoctoral fellows. If any single theme were to characterize his research in these years, it would surely revolve around glutamic acid metabolism. Glutamate has held a prime position in studies of the metabolism of the nervous system, first of all because of its relatively high content there (including its derivatives glutamine, y-aminobutyric acid, and glutathione), but also because it is able to form the important metabolite a-oxoglutaric acid by two separate enzymic pathways, and thus contribute its carbon chain to the oxidative processes catalysed in the tricarboxylic acid cycle. In Montreal, Kini and Quastel (54) had demonstrated that glucose on entering the brain rapidly forms glutamine, and thereafter the related derivatives. Furthermore, the newly formed glutamine and glutamic acid play a role, through transamination, in the formation of other cerebral amino acids. The process is sensitive to certain neurotropic agents, and particularly potassium ions (54, 55) . In later years, with the neurotransmitter role of glutamic acid established, Quastel returned to the study of amino acid metabolism in the brain, but now with the aim of linking biochemical processes and electrophysiological mechanisms (69-72). With Benjamin he showed that the glutamate dehydrogenase reaction especially serves in the neuronal metabolism of endogenous glutamic acid, with the formation of a-oxoglutarate and ammonia, whereas the transaminative reaction (no ammonia formed) serves predominantly in the glia; these convert some of the exogenous glutamate to glutamine (67). It was then shown that the metabolism of glutamate in neurons and glia is coupled through an intriguing shuttle, whereby the excitation of neurons causes the release of glutamic acid, which then diffuses to the glia where glutamine is formed. When the buffering action of the glia is no longer needed to hold down the extracellular concentration of glutamic acid, glutamine passes to the neurons to form glutamate and ammonia there (68). For Quastel, chemistry and biochemistry were his abiding interests and the means to gain greater understanding of function in organisms. His interests in that respect were diverse. A McGill colleague, who had known him briefly at Cambridge, wrote that 'Q has most closely resembled Hopkins in the wide variety of fields that he has opened up' (Elliott 1965 ). Quastel's approach to his subject matter does not fit snugly into the simple contrast between the reductionist application of chemistry to living organisms and the holistic approach for, as a former student and colleague attests, he displayed a profound depth of perception of 
